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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT
cm centimeter rh /(particis) cubic meter per particle per second
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kg/m’® kilogram per cubic meter mV millivolt
L liter pct percent
m* inverse meter ppm part per million
m meter S second
m? square meter \Y volt
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Comparative In-Mine Evaluation of Carbon Monoxide and Smoke Detectors

By John C. Edwards ‘and Gene F. Friel 2

ABSTRACT

A series of liquid fuel fire experiments evaluated the comparative responses of five types of commercially
available smoke detectors and a diffusion-mode carbon monoxide (CO) detector under normal and reduced airflow
conditions baed upon the alarm times of the detectors. These experiments were conducted in the Safety Research
Coal Mine at thdJ.S. Bureau of Mines Pittsburgh Research Center. Two of the smoke detectors had manufacturer
set alarms. For the other three smoke detectors, an alarm point was defined in terms of their background analog
signal and the detector's electrical output noise under ambient conditions. A correlation was developed of the travel
time of 5 ppm CO between pairs of CO detectors with the travel time calculated from entry and crosscut volumes
and measured airflow. Based upon the relative performance of smoke detectors in this limited study, smoke detectors
can be as effective as CO detectors for mine fire detection once identifiable alarm values are defined. Implementation
of smoke detectors as part of an atmospheric mine monitoring system will improve mine safety.

'Research physicist.
“Chemical engineer.
Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA.



INTRODUCTION

Currertly, the CO detector is the more common detector usedffect the transport time between CO detectors by providing an
for fire detection as part of atmospheric monitoring system in entrainment mechanism for dilution of the CO concentration in the
undergound mines. In recent years, smoke detectors have been entry. The complex geometric characteristics of smoke par-
evaluated inseveral mines1).®> It also was shown that the ticulates, such as size distribution and concentration, and physical
performance of smoke detectors can be evaluated in the laboratquyoperties, such as dielectric constant, could result in a variable
with the use of a smoke chamb@j for smoldering and flaming response time of smoke detectors compared to CO detectors. This
coal combustion. Subsequently, a relative evaluation of six smoke is in addition to expected differences in measurable responses
detectors was made with the smoke chamBer {Those studies based upon whether the detector operates in a diffusion mode or
showed, based upon analysis of the smoke detector's analog anmdep The effect of ventilation flow and entrainment at
response signal, that it is possible to detect the occurrence of dead-end crosscuts on the responses of CO and smoke detectors ¢
smoke from coal combustion when the optical density is less than nearly identical locations will provide a basis for future
0.022 m'. ltwas further demonstrated that the optical density offecanmendations for the implementation of improved
0.022 m" corresponded to a measurable CO concentration of 5 atmospheric monitoring systems in mines. For this study, a mine
ppm above ambient for smoldering and flaming coal combustion. combustible, fdes@lrovided the smoke and CO source. The
This U.S. Bureau of Mines (USBM) research was undertaken tpractical advantage of diesel fuel as a combustion source is its
enhancethe safety of mine workers through the utilization of an relatively uniform production of smok&Candror 2 of the 12
improved atmospheric mine monitoring system. expaiments, conveyor belt strips were used to increase CO

In order to make a comparison of the responses of CO angdroduction. For the other 10 experiments, a small quantity of
smoke detectors to an in-mine fire, a series of experiments wamsoline was added to the diesel fuel to assure uniform ignition of
conducted bythe USBM in the Safety Research Coal Mine the diésel. Normal airflow conditions in excess &f0 m/s
(SRCM) located at the Pittsburgh Research Center. A previous and reduced airflow conditions with air velocities less than 0.4 m/s
USBM experimental study4f showed that dead-end crosscuts were considered.

EXPERIMENTAL PROCEDURES

A plan view of the SRCM section used for the experiments is ffugiion mode. A and D are based upon optical detegion
shown in figure 1; the airflow direction is also shown. F Butt was ciples, whereas B, C, and E are based upon ionization principles.
instrumented with CO and smoke detectors for each experiment.
The total separation distance from the first to the last sensor in F Table 1.—Primary product of combustion detectors
Butt was 91 m. The source fire was located in the mine portal, used in mine fire experiments
approdmately 360 m from StatioiNo. 1. Smoke detectors from
five different manufacturers and CO detectors from two different

Station Detectors

manufacturers were used for the experiments. Table 1 lists the Carbggrzogjoxlge Smoke (EtypT’ ;amp“ng mode)
primary detectors used for most of the experiments at the statiogs ’ 'co:l A ((o’, P))
indicated, the operational type as either ionization or optical for thg: co-1 B (I,P)
smoke detectors, and the sampling mode as either diffusion ar, . ... ... CcO-1 C (,D)
pump. The maximum measured output signal of smoke detectér......... CO-1 D (O,D)
A for the fire experiments was approximately5 V, with a 6......... CO-1,CO-2 E (LD

background 0D.13 V in clear air. The alarm of smoke detector B "Also light obscuration meter.
is 2.5 V on a 1- to 5-V range. Unlike the other smoke detectors, ~'onization.

. . . Optical.
which have an accessible analog output signal, smoke detector Diffusion.
has two discrete output signals. For clear air the signal is 4 mA; fg5  pymp,
smoketaden air the signal is 2nA. Smoke detector D is
calibrated to read.4 V in clear air and2.0 V when the smoke Two different types of CO detectors were used. One type of
obscuration is equivalent to an optical density0df46 mi*. The co detector, CO-1, operates indifusion mode, and thether
output signal range of smoke detector E is -0.9 tor02which  type CO-2, operates in a mechanical pump mode. Both CO-1
was converted electronically @9 V forclear air to0.2 V for air  ang CO-2 operate on the principle of electro-oxidation of oxygen,
s a t u r N t e d although with different types of chemical cells. Additonal

3 ltalic numbers in parentheses refer to items in the list of references at the end
of this report.
with smoke. Smoke detectors A and B operate in the mechanical
pump mode, whereas smoke detectors C, D, and E operate in the



even though a chemical cell for a sensor would hold its calibration,

a deterioration in the performance of the cell was associated with a

lag in the sensor response. This was indicated by an unusually

long decay back to the ambient concentration from the maximum
concentration. This was verified by the interchange of two sensors,
located adjacent to each other at the same downwind position in the

/\ entry, and a repetition of the experiment. If the concentration

measurements of the interchanged sensors were reproducible, then

a deterioration in the chemical cell of the CO sensor was verified,

and thecell was replaced. The normal expected useful lifetime of

a chemical cell would decrease through repetitive use in an

environment with CO and other product-of-combustion gases

associated with fire tests.

10 Each smoke detector was adjusted according to the manuf-
acturer's specifications. The amplifier circuit on the photocell used
in the light obscuration meter was adjusted prior to each
experiment sahat the output of 1 V corresponded to 100 pct
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Figure 1.—Plan view of the mine section used for the experiments.

CO detectors of type CO-1 were located in crosscuts (rooms 11,
13, and 16). Also, pairs of the CO-1 CO detector vgempended
at Stations 1 through 6.

optical transmission through clear air.

After calibration of the sensors and completion of the
ventilation survey, the fuel tray was placed in the mine portal.

To measure the optical obscuration in the smoke, an opticalqual® tay sizes of 0.46 m side length and 0.76 m dahgth
obscuration meter was constructed. This consisted of a halogevere u®d. It wasdetermined that inadequate CO was generated

lamp source and a photovoltaic cell separated by a distance of

1 m. The lamp and photo cell were supported in a rigid frame
constructed from 10-cm-diameter plastic pipe with diametrically
opposedopenings spaced along the length of the pipe to permit
smoke-laden air to cross the optipalth. The frame wamounted

at mid-height such that the optical path was transverse to the
airflow along the airway. Complete mixing over the entry cross-

from a diesel fuel fire in a 0.46-m side-length tray. For this reason,

conveyor belt strips were mounted on the rim of the tray above the
diesel fuel to increase the CO production through their combustion.
Although this measure increaS@y thevas notadequate to

assre that 5ppm of CO above background was less than the

inflection point on the CO concentration versus time profile at a

sensor location. This is important for application of the analysis of

section is expected at this location. The entrance port to each dereviouswork (4) to transport time between sensors based upon

tector was aboud.4 mfrom the roof. For the diffusion C®en-
sors, the tilt of the diffusion tube was approximately 2@wind.
This orientation provides for optimal sensor operation, as reported
earlier @).

The analogsignals from each CO and smoke detector, as well
as from the light obscuration meter, were converted to digital
signals and collected by a computer monitoring system. Data
sampling occurred at 2-s intervals.

Air quantity in the mine section was controlled by adjustment
of the fan pitch and installation of brattices in the SRCM. To
ensure an even distribution of air quantity at the entrance to F Bultt,

entry and crosscut volume. For this reason, a tray witiéam
side length was used for the remainder of the experiments in which

the fire was located in the mine portal. It was found by trial and

error thatthe addition of 500 mL of gasoline to the diesel fuel
assured rapid, uniform burning of the diesel fuel.

In order to observe the effect of ventilation on flame tilt, a pole

was mounted vertically about 1 m downwind of the fire for several
experiments. Visual observations were made of the flame tilt at 15-

cm intervals marked qolthe From the horizontalistance

leetwthe pole and tHee, and the vertical position on tipele

intersected by a straight line from the extended flame, the angle of

a brattice was positioned oblique to the entrance of F Butt ailt of the flame was determined for the experimental conditions of

shown in figure 1.
Smoke detectors were positioned along the centerline of F Butt.
Adjacent to each smoke detector was a diffusion-mode CO

detector, CO-1. For several of the experiments, a pump-mode CO
detector, CO-2, was located at the entrance of F Butt, and at the far

downwind position of F Butt.

ventilation and fuel surface area.

A summary of the fire experiments conducted in the SRCM is

presented in table 2. The experiments are characterized by fuel tray

size, fuel loading, average measured airflow quantity in F Butt, and
the crosscut accessibility for the airflow in F Butt.

Experiments 1-9 were conducted under normal mine ventilation

Prior to ignition of the diesel fuel source for each experimentconditons. Experiments 10-12 were conducted to investigate the

a ventilation survey was made of the mine section. The ventilation
was geneally measured..8 mupwind of the sensors in the entry.
Since most velocity measurements contained wind and fan
fluctuations, 5- and 9-point time-averaged flow measurements were
made duing the ventilation survey. Smoke-tube measurements of
the airflow were made in selected crosscuts.
The COsensors were calibrated with a zero and g It
was occasionally noted during the course of the experiments that,

responses of smoke and CO detectors under reduced airflon
conditions. For experimeftsthe airquantity at the entrance to

F Butt was 8 fo 11 m /s. Leakage along the



Table 2.—Experimental conditions

Experiment Tray size, m Diesel fuel, L F Butt air quantity, m*/s Crosscuts
Station 1 Station 6

U 0.46 by 0.46 2.0 9.8 8.4 Closed.

2 0.46 by 0.46 2.0 9.8 8.1 Closed.

3 0.76 by 0.76 4.0 9.1 7.4 Closed.

4 ... 0.76 by 0.76 4.0 8.9 7.4 Open.

5 ... 0.76 by 0.76 35 10.2 7.8 Closed.

6 ....... 0.76 by 0.76 35 9.3 7.9 G Butt side open;
E Butt side closed.

7 ... .. 0.76 by 0.76 35 9.0 8.3 G Butt side closed;
E Butt side open.

8 ....... 0.76 by 0.76 3.0 8.9 7.2 Open.

9 ... 0.76 by 0.76 3.0 9.5 7.3 Closed.

10 ...... 0.76 by 0.76 40 1.8 3.0 Open.

1 ... 0.76 by 0.76 4.0 3.0 3.0 Open.

12 ...... 0.46 by 0.46 2.0 25 21 Open.

Three strips of conveyor belt 0.53 m by 5.1 cm by 1.1 cm were mounted over top of tray.

airway through the crosscuts reduced this to 6 t¢9 m /s at the exibr experiments 11-12. This increased the pressure of F Butt
of F Butt. For experimenlO, abrattice was positioned as an relative to the parallel airway, and prevented dilution of the CO in
airflow regulator at entrance room 10 to reduce the airflow in F F Butt due to air leakage from the parallel entry.

Butt. A reduction in air quantity was achieved in F Bultt. The linearairflow in F Butt varied from0.8 to 1.2 m/s for
However, a positive differential pressure was created from a parallelxperimentsl-9, whereas foexperiments 10-12, the linear airflow
entry into F Butt. This resulted in air leakage from plagallel was less thaf.4 m/s. Forexperimentl2, thefire source was
entry into F Butt through the brattices separating the connecting oveth fromthe portal to Rooni0, about 45 m from the junction
rooms of the airways. This resulted in dilution of the CO along romfm 10and F Butt, to increase the smoke concentration in F

F Butt. To correct this condition, a brattice was positioned as a Butt.

regulator at the junction of F Butt and room 18

RESULTS

Experiments 3-12 resulted in nearly uniform ignition and 1186, flame tilt of 47 to 59 from the normal line to the
combustion of diesel fuel because of the addition of a small horizontal fuel surface was observed. Thomas' model predicts a tilt
guartity of gasoline to the diesdliel. Experiments 3-1ivere angle of 76 whereas the AGA model predicts a tilt of70These
conducted with a 0.76-m side-lengtiay, and experiment 12 was predictions are significant overestimates of the meastiitedThe
condwted with a 0.46-m side-lengthay. For experiment3-11, comparison of measured flame tilt with model predictions is
the aveage linear burning rate of the fuel was between 0.07 and ewdvat closer for the AGA model with a relative error between
0.17 cm/min, with an average rate of 0.12 cm/min. Bheing 16 and 3pct. Flame tiltdependence upon ventilation is important
rate for eperiment 12 wa®.19 cm/min. These burning rates are for determination of flame propagation over a fuel surface.
lower than the values dd.2 cm/min and0.3 cm/min for 0.46- and Table 3 identifies the minimum optical transmission over a 1-m
0.76-m-diametelpans, respectively, as reported in previewsmk path length that occurred for each experiment. Experiments 1 and
in zero airflow conditions §). This could be an effect of the  \Rere caducted with a sufficiently small fuel tray size such that
ventilation. Experiments 3-11 differed from experiment 12 not the optical transmission did not decrease below 90 pct for the
only in tray size, (side length of 0.76 m fxperiments 3-11 and ventilation used. This optical transmission corresponds to an
0.46 m for experiment2), but in theventilation flow at the fire optical density df.046 m"'. Experiments 3-8 wewmnducted
location. The fire was located in the mine portal for experiments with a larger tray size than experiments 1 and 2, and had
3-11, where the average ventilation linear speed was approximately significantly lower values for minimum optical transmission.
2 m/s. Forexperimentl2, thefire source was located in a reduced Optical transmission data were not available for experiment 9.

airspeed (about 0.4 m/s) section of the mine. Experiments 10 and 11 had high optical transmissions because the

A visual observation of flame tilt was made relative to a vertical airflow primarily bypas®uattFwhere the opticabbscuration
pole 1.07 m downwind from the fire with 15-cm markers on the meter was located, and passed through a parallel entry. Experiment
pole. Thomas@) reported correlations of the convective wind- had arelatively low optical transmission because the fire was

inducedtilt of a flame based upon data from wood crib fires. A located in reduced airflow in Room 10 connectBdttoelen
study bythe American Gas Association (AGAj)(also reported a  hbbugh the tray size for experiment 12 was the same as for
correlation of flame tilt with wind velocity. For a diesel-fuel experiments 1 and 2.

experiment with a 0.46-m side-lengthay, and a wind speed of



Table 3.—Minimum optical transmission, optical density at alarm
time of smoke detector B and comparison of alarm times of smoke
detectors B and C with CO detector

Experiment Minimum optical D,m* AT(CO, B), s AT(CO, C), s
transmission, pct
1 91 0 132 NA
2 92 0 147 NA
3 53 0.033 52 21
4 60 0.044 36 18
5 57 0.026 42 18
6 ... 69 0.025 53 21
7o 59 0.021 53 8
8 70 0.017 40 15
9 .. NA NA NA 18
10 ..o 89 0.0070 80 NA
T 95 0.0035 NA NA
12 ... 57 0.054 60 33

NA Not available.

At Station 2, smoke detector A was positioned next to a typexpeaiments 3-8 and 10-12, which had only diesel fuel as the
CO-1 CO detector. Figure 2 shows the responses of smoke combustion source, the optical density at which the smoke detector
detector A and CO detector CO-1 for experiment 4. An alarm was B alarmed ranged from 0@O38 " , with an averagelue
defined for smoke detector A for each experiment as the average 0.086 m' and a standard deviation of 0.016 m . For the normal
background signal plus 10 standard deviations of dégctor's airflow experiment8-8, the average optical density wahich
noise under ambient conditions. For normal airflow experiments oksndetector B alarmed was 0.028'm , while for teduced
3-8, smoke detector A's alarm occurred an average of 17 s after the airflow experiments 10-12, the average optical density at alarm wa
alarm of the adjacent CO detector CO-1. Data weravaitable 0022 m' . For experiment$-8, 10, and 12, thaverage optical
for smokedetector A for experiment 9. For experiments 1, 2, 10,density when the diffusion-mode CO-1 detector reached 5 ppm
and 11, characterized by dilute CO concentrations and higher above ambier®.08% m' with a standard deviation of 0.046
minimum optical transmissions, smoke detector A's alarm occurred”> m . A comparison was made of the alarm times of CO detector
prior to the CO alarm. The alarm times of smoke detector A and CO-1 and smoke detector B. ¢aseacdmoke detector B's
CO alarm CO-1 were nearly simultaneous for experii@nt For  alarm time occurred prior to that of the CO detector. This is listed
experiments 1, 210, and 11smoke detector A's output voltage in table 3 &gCO, B), where At(X, Y) is defined as the
had ircreased by more than 300 mV when the adjacent CO sensor differential time by which detector X's alarm time follows detector
alarmed. The fires for these particular experiments were Y's éilmen In addition to having an earlier alarm time than the
characterized by minimum optical transmissions over a 1-m CO detector, smoke detector B gave a significantly earlier alarm
distance that were greater than 89 pct. For fire experiments 3-8 and time for those experiments with less intense fire sources, a
12 with the more intense fires and associated minimum optical characterized by the minimum optical transmissions listed in table
transmissions of less than 70 pct over 1 m, smoke detector A's 3. In particular, experiments 1, 2, and 10 with minimum optical
output voltage increased by 30 mV when the CO sensor reachedansntissions over a 1-m distance greater thapcd9hadvalues
alarm stage. Although the minimum optical density is used to refer At ¢€O, B) greater than 80 s. For experiment 9, smoke detector
to fire intensity, this is not a true measure of fire intensity since air B was not operational and for exgetintieatCOdetector at
dilution controls the smoke intensity as measured by the optical Station 3 was not reliable.
transmision. The earlier alarm time of smoke detector A for less guFé 4shows the response of the light obscuration meter for
intense fires, compared with when the CO-1 detector reached experiment 4. A comparison of figures 3 and 4 shows that the CC
alarm, implies that, at least for the fire size and growdte maximum concentration is approximately 50 s after the minimum
developed,smoke detector A could be more sensitive for fire optical transmission. This is a characteristic indicative of the
detection of low intensity fires than the CO detector, dependent on response time of the chemical cell in the CO detector.
the CO alarm level. A significant difference between average optical densities of the

At Station 3, smoke detector B was positioned adjacent to the CO alarm was determined based upon airflow. For normal airflow
CO-1 CO detector. Figure 3 shows the comparative responses of exper8¥&nthe average optical density at which ©@©-1
smoke detector B and CO detector CO-1 for experiment 4. The detector was 5 ppm above ambierit] wds whereas for
initial responses of both the CO-1 detector and smoke detector B reduced airflow experiment$2,Gteaverage optical density
are amost coincidental even though the CO detector is a diffusion at alarmd.@&8 m' . When the measured optical density was
mode, and the smoke detector operates in the pump mibalde 0022 ni* the average measurable CO concentration was less than
3 provides an evaluation of the optical density at which smoke 1 ppm above background for exp&r&nerfisrexperiments
detector B alarmed. The average optical density at smoke 10-12, the CO concentration was less than 4 ppm above
detector B's alarm wa®.021 m", and the standard deviation wasbackground at an optical density 6f022 m'. However, as
0.018 m'. The CO concentration at Station 3 was less than 1 ppm pointed out above, the diffusion-mode response time of the CC
above background when smoke detector B alarmed. For sensor does not permit a simultaneous measurement of CO



concentration and optical density.
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Bke deector C was located at Station 4 adjacent to a CO-1
CO detector. The responses of the CO and smoke detectors are
shown in fgure 5 for experiment 4. Table 3 shows a comparison
of the alarm time for CO-1 detector with smoke detector C
through an evaluation akt(CO, C). Forexperiments 1, 2, 10,
and 11, smoke detector C did not alarm. In each of these
experiments, the minimum optical transmission over a 1-m distance
was greatethan 89 pct (optical density less than 0.051 m ). For
those experiments for which smoke detector C alarmed, it alarmed
prior to the CO alarm and the optical density was greater than 0.15
m*. When a comparison is made between the alarm time of smoke
detector C relative to the alarm time of its adjacent CO detector, and
the alarm time of CO smoke detector B relative to the alarm time
of its adjacent CO detector, quite dissimilar results are observed.
For expeiments 1, 2, and 10 with higher minimum optical
transmission, detector B responds much earlier than the diffusion-
mode CO detector. However, for these same experiments, smoke
detector C does not alarm. This could be a consequence of the
pump-mode characteristic of smoke detector B in comparison with
the diffusion-mode characteristic of smoke detector C.

For experiments with nearly the same minimum optical
transmissions, the effect of airflow dr(CO, B) andAt(CO, C)
was assessed. Table 3 shows thg({CO, B) andAt(CO, C) are
somewhat, but not significantly, higher for reduced airflow
experiment 12 in comparison with the normal airflow experiments
3-8.

At Station 5, a type CO-1 CO detector and smoke detector D
were positioned near threof. Figure 6 shows the responses of the
CO-1 detector and smoke detector D for experiment 4. Both
detectors show a nearly coincidental response time to the products
of combustion. The maximum response of smoke detector D
occurredprior to the maximum response of the CO-1 detector.
Since bothsmoke detector D and the CO-1 detector are diffusion-
mode detectors, the difference in response time at maximum signal
is primarily due to the instantaneous response of the optical smoke
detector compared to the response time characteristic of the
chemical cell in the CO detector. An alarm was defined for smoke
detector D for each experiment in the same manner as the definition
of the alarm for detector A, the average background signal plus 10
standard deviations of the detector's noise under ambient
conditions. Detector D alarmed for each experiment based upon
this criterion. For normal airflow experimergs9, smokedetector
D alarmed an average of 63 s prior to the adjacent CO-1 detector.
The CO detector did not alarm for experiments 1 and 11; and for
experiments 2,10, and 12, the C@larm occurred 175, 156, and
93 s, respectively, after the alarm of smoke detector D. These
results are nearly the opposite of those for detector A, which was
more responsive to less intense fires than the CO detector. Detector
D is more responsive to fires with higher smoke concentrations
than the CO-1 detector.

At Stations 1 and 6, a smoke detector of type E was positioned
near the roof adjacent to a CO-1 CO detector. For each
experiment, aralarm was defined for detector E as the average
backgound signal less 10 standard deviations of dleéector's
noise under ambient conditions. For normal airflow experiments
3-9, smoke detector E alarmed an average of 49 s before the CO-1
detector at Station 1, and 73 s earlier at Station 6. The longer
average lag time at Station 6 compared to Station 1 is a result of the
dilution of the CO as it traverses from Station 1 to Station 6. For



reduced airflow experiments 10-12, the lag time was longer than
for normal airflow conditions. At Station 1, the average lag time
was 110 s, and at Station 6, the average lag time was 262 s for
experiments 10-12. For experimebl, smoke detector E alarmed

at Station 6 while the CO concentration did not reach its alarm
value. Figure 7 shows a comparison of the responses of smoke
detector E and the type CO-1 CO detector at Station 6 for
experiment 4. Smoke detector E and CO detector CO-1 have
nearly simultaneous initial responses. The time lag observed in the
peak response of the CO detector with respect to smoke detector E
in figure 7, isdue to the finite chemical reaction rate of the CO
detector's chemicalell. This was also the case for a CO detector's
response compared to smoke detector D's response.
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